colour concept for an electrowetting display that has a reflectivity that is four times higher than that of a reflective colour liquidcrystal display (LCD) and twice as high as other emerging technologies. In this case, a single display pixel would comprise three subpixels. In each of the subpixels a second oil layer is added, adjacent to the top plate. With a hydrophilic pixel wall, the sandwich structure with two oil layers is the stable equilibrium state. Each oil layer can be switched independently and reversibly by applying a voltage difference between the water and the top or bottom electrode. As for the single layer system, intermediate grey scales can be realized, for each of the two independent switches in a subpixel separately. By using a colour filter, subtractive colour dyes and alternating the colour sequence in the subpixels, we obtain a pixel that has an intrinsic reflectivity that is four times higher than an LCD (67% versus 17%). The oil films can be separated by less than 100 mm, resulting in negligible parallax and a good viewing angle. A demonstration of the independent switching of two layers in a single cell is given in Fig. 4b . Here, the electrodes cover only half of the top and bottom plate, orthogonally oriented with respect to one another. The top layer is magenta and the bottom layer is cyan. As a result, a different optical response is obtained in the bottom left (two layers present), the upper left and bottom right (one layer) and the upper right corner (both layers absent).
We have shown that the microfluidic motion of coloured oil films sandwiched between a solid hydrophobic insulator and water can be precisely and reversibly controlled using a d.c. voltage. We have used this phenomenon to demonstrate electrowetting as a reflective display principle that has very attractive electro-optical characteristics: a reflectivity of over 35%, a contrast of 15 and analogue grey scales. Its high switching speed and a straightforward path to a highbrightness full colour display set it apart from other emergent electronic-paper technologies. A Zeolites are mainly used for the adsorption and separation of ions and small molecules, and as heterogeneous catalysts. More recently, these materials are receiving attention in other applications, such as medical diagnosis and as components in electronic devices 1 . Modern synthetic methodologies for preparing zeolites and zeolite-like materials typically involve the use of organic molecules that direct the assembly pathway and ultimately fill the pore space [2] [3] [4] [5] [6] . Removal of these enclathrated species normally requires high temperature combustion that destroys this high cost component, and the associated energy release in combination with the formed water can be extremely detrimental to the inorganic structure 7 . Here we report a synthetic methodology that avoids these difficulties by creating organic structure-directing agents (SDAs) that can be disassembled within the zeolite pore space to allow removal of their fragments for possible use again by reassembly. The methodology is shown for the synthesis of zeolite ZSM-5 using a SDA that contains a cyclic ketal group that is removed from the SDA while it is inside the zeolite without destruction of the inorganic framework. This approach should be applicable to the synthesis of a wide variety of inorganic and organometallic structures.
The elimination of high temperature treatments for SDA removal from crystalline structures is very desirable for many reasons in addition to the loss of the expensive SDA. For example, zeolite films that are used as molecular sieving membranes are susceptible to cracking by high temperature treatments for SDA removal because of mechanical stresses placed on the membrane by thermal expansion mismatches with supporting substrates. Newer, molecular sieve low dielectric components 8 may also benefit from the ability to remove the 'guest' organic molecule using only moderate heating, rather than combustion. This is because they require air to fill the microporous space in order to achieve their desired properties and will be components of devices that may not be compatible with high temperature processing steps 1 . Ordered, mesoporous materials can be prepared using organic components such as surfactants that can form organized aggregates that contain large numbers of molecules that ultimately fill the pore space of the as-synthesized solids 9, 10 . Unlike crystalline microporous materials, the mesoporous solids allow for the extraction of the organic structure-directing components [11] [12] [13] . This is due to the fact that the individual molecules that form the assembled structuredirecting components are held together by weak forces that are easily disrupted and are each sufficiently small to be removed through the relatively large mesopores. Additionally, the interaction energies between the organic and inorganic fractions in the ordered, mesoporous materials are not as large as with microporous materials, where interactions between the SDA molecules and the framework can be quite strong. For example, interaction enthalpies between the silica framework and the organic SDA have been measured to be as large as 2181^21 kJ per mol SDA 14 . The ability to remove and recycle the organic components allows for low-cost preparation of ordered, mesoporous materials.
Our synthetic strategy for microporous crystalline molecular sieves (Fig. 1a) eliminates any high temperature processing steps and the destruction of the SDA. Conceptually, the strategy is to assemble a SDA from at least two components using covalent bonds and/or non-covalent interactions that are able to survive the conditions for assembly of the zeolite, and yet be reversed inside the microporous void space. The fragments formed from the SDA in the zeolite can then be removed from the inorganic framework and be recombined for use again. This procedure differs from that employed with mesoporous materials in that the number of components used to create the SDA is small-for example, less than five-and the SDA is a homogeneous, well-defined entity.
We demonstrate our synthetic methodology with a new SDA that contains a cyclic ketal and use it to assemble the zeolite ZSM-5 (Fig. 1b) . Commercially available 1,4-dioxa-8-azaspiro [4, 5] decane was quaternized using methyl iodide to give 1 (see below).
Using 1 in its hydroxide form, the following reaction composition gave ZSM-5 (submicrometre crystals observed in scanning electron microscopy: see Supplementary Fig. 1 (Fig. 2a) . In the absence of the SDA, this reaction mixture does not yield ZSM-5. As-synthesized ZSM-5 has an elemental composition of 40.27 wt% Si, 2.31 wt% Al, 2.25 wt% K, 3.45 wt% C, 0.97 wt% H, 0.45 wt% N. The SiO 2 / Al 2 O 3 ratio was estimated from these analyses to be 33.5.
We chose to use a cyclic ketal to provide a SDA that would remain intact at zeolite synthesis conditions (high pH) and be cleavable at conditions that would not destroy the assembled zeolite (low pH). 1 was expected to be cleaved into 2 and ethylene glycol under acidic condition. Figure 3 shows the 13 C cross-polarization magic angle spinning (CP MAS) NMR spectra from the ZSM-5 after various treatments. The spectrum in Fig. 3a shows that the as-synthesized material contains intact 1. When the ZSM-5 was treated with 1 M HCl solution at 80 8C for 20 h, the 13 C CP MAS NMR spectrum obtained (Fig. 2b) is consistent with the presence of the ketone fragment, as illustrated above. The carbonyl of 2 was also detected by infrared spectroscopy (1,741 cm 21 ), and the weight per cent of the organic components as assessed by thermogravimetric weight losses at temperatures between 200 and 700 8C decreased from 6.2 wt% to 4.6 wt% (consistent with the loss of ethylene glycol). The HCl solution after the cleavage reaction was collected, concentrated, and then analysed by 13 C NMR. Only ethylene glycol was detected at 62.8 p.p.m. The powder X-ray diffraction pattern of the treated sample reveals that the ZSM-5 remains intact after HCl treatment (Fig. 2b) . Alternatively, a gas-phase cleavage reaction was performed using H 2 O-saturated gaseous HCl at 120 8C for 3 h. The Figure 1 Schematic representations of synthetic methodology. a, Generalized scheme.
Step 1, assemble the SDA with silica precursor, H 2 O, alkali metal ions, and so on, for zeolite synthesis.
Step 2, cleave the organic molecules inside the zeolite pores.
Step 3, remove the fragments.
Step 4, recombine the fragments into the original SDA molecule. b, Specific example using 1 to give ZSM-5.
letters to nature 13 C CP MAS NMR spectrum of the treated ZSM-5 was the same as that shown in Fig. 3b except that ethylene glycol was also detected. These results showed that 1 can be cleaved into the desired pieces inside the zeolite pore space.
While ethylene glycol can be extracted easily, 2 remains inside the pores because of strong ionic interaction with the anionic framework. Ion exchange was used to remove these positively charged organic fragments. Exposure to a mixture of 0.01 M NaOH and 1 M NaCl at 100 8C for 72 h removed 2 (Fig. 3c , and no carbonyl peak observed in infrared). Additionally, the ion-exchanged ZSM-5 now has porosity (N 2 adsorption capacity of 0.14 cm 3 liquid N 2 per g dry ZSM-5) that was not present before this treatment (as-synthesized ZSM-5 showed no microporosity, while the calcined ZSM-5 gave 0.15 cm 3 g
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). When the as-synthesized solid was not treated with HCl solution, the ion-exchange step did not cause the removal of 1. Thus, the fragmentation of 1 is essential for its removal from the zeolite pores. 2 was detected in the solution after the ion exchange by electrospray mass spectrometry. After NaOH/NaCl treatment, the powder X-ray diffraction data show no loss in structural integrity of the ZSM-5 (Fig. 2c) . Additionally, the 27 Al NMR spectrum from the NaOH/NaCl treated material (see Supplementary Fig. 2 ) contains only the resonance for framework aluminium at 55.1 p.p.m. No extra-framework aluminium is detected. For numerous synthetic preparations that have been treated by either the liquid phase HCl method or the vapour phase HCl method, the measured SiO 2 /Al 2 O 3 ratios are 30^4. Thus, within the error reported for the SiO 2 /Al 2 O 3 ratio, the composition of the samples did not vary over the treatment regimes. The catalytic activity of this ZSM-5 was evaluated using the conversion of methanol to higher hydrocarbons (MTG) as the test reaction. The product distribution of individual hydrocarbons was the same (within experimental errors) in distribution to that obtained from a commercially available sample of ZSM-5 (see Supplementary Table 1) . Additionally, the constraint index (CI) that measures the relative cracking rates of n-hexane and 3-methylpentane 15 was determined for the ammonium forms of our synthesized ZSM-5 that was calcined or processed through the organic removal procedure outlined above. This test reaction should be more discerning than the MTG reaction in terms of differences in acid strength and number of sites when comparing zeolite samples. The samples show similar rates and CIs (see Supplementary Table 2) . Additionally, these data compare well to those obtained from a commercial sample of ZSM-5 15, 16 .
Here we have provided the essential results necessary for the demonstration of our proposed synthetic methodology. The recombination of the fragments of 1 is not illustrated, but this reaction is well-known. We have successfully synthesized other zeolites (ZSM-11, ZSM-12) using this generalized methodology. In addition to ketals like those illustrated here, acetals and ortho-ester functionalities have the appropriate properties (hydrolytically acid labile and base stable) 17 for use in the outlined synthesis methodology. We are currently applying this methodology to the preparation of larger SDAs, and testing these organics in a broad selection of zeolite synthesis conditions. A
Methods
Preparation of SDA (1) 4.00 g of 1,4-dioxa-8-azaspiro [4, 5] decane (98%, Aldrich), 8.01 g of tributylamine (99%, Aldrich), and 30 ml of MeOH (Burdick & Jackson) were mixed in a flask. 12.20 g of iodomethane (99.5%, Aldrich) were added dropwise over a period of 10 min. The mixture was refluxed for 5 days at room temperature. Yellow solids were produced. After adding ethyl ether to the mixture, the produced solids were filtered and washed with ethyl ether. The solids were recrystallized from hot acetone/MeOH. Iodine salts were converted to the corresponding hydroxide form in 90.2% yield using Bio-Rad AG1-X8 anion exchange resin.
Preparation of as-synthesized zeolite 0.2 g of potassium hydroxide (Aldrich) and 0.083 g of aluminium hydroxide (Reheis F-2000) were added to the mixture of 0.094 g of 1 and 11.4 g of water, and stirred to obtain a clear solution. 0.9 g of silica (CabOSil M5) were added to the solution and the mixture was stirred for 2 h to prepare a homogeneous gel. The resulting mixture was charged into a rotating Teflon-lined autoclave (100 r.p.m.) and heated at 175 8C for 6 days. After crystallization, the autoclave was cooled to room temperature. The solid product was collected by filtration, repeatedly washed with deionized water and finally dried overnight.
Characterizations

13
C CP MAS NMR measurement was performed with a Bruker Avance 200 MHz spectrometer. Solution 13 C NMR spectrum was obtained with a Varian Mercury 300 MHz spectrometer. Powder X-ray diffraction patterns were collected on a Scintag XDS 2000 diffractometer using CuKa radiation at the rate of 2.58 min
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. Elemental analysis was obtained by Quantitative Technologies Inc. Infrared spectroscopy was performed on a Nicolet Nexus 470 FT-IR. Thermogravimetric analysis was performed on a NETZSH STA 449C analyser. Nitrogen adsorption capacity was measured using an Omnisorp 100 sorption apparatus. Mass spectrum was measured with a Perkin Elmer/Sciex API 365 electrospray mass spectrometer. letters to nature
